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1.  Introduction 


Belleville  disc  springs  are  frequently  used  in  mechanisms  to  provide  forces  or  stored  energy  that  is 
easily  controlled  by  tightening  or  loosening  a  bolt  to  vary  the  spring  deflection.  Belleville  discs  pro¬ 
vide  the  same  function  as  compression  coil  springs,  but  can  have  much  higher  spring  constants  than 
coil  springs.  Thus,  they  are  preferred  for  applications  requiring  very  high  forces  for  small  spring 
deflections. 

For  any  application  in  which  a  constant  spring  force  is  required  for  long  time  periods,  an  understand¬ 
ing  of  the  stress  relaxation  behavior  of  the  spring  is  necessary.  In  the  mid  1990s,  The  Aerospace 
Corporation’s  Space  Materials  Laboratory  conducted  an  investigation  into  the  basic  stress  relaxation 
behavior  of  various  spring  materials  and  coil  spring  designs  frequently  used  on  spacecraft.1,2  At  that 
time,  many  assembled  spacecraft  were  being  put  into  long-term  storage  to  be  launched  and  deployed 
at  later  dates  than  originally  planned.  In  some  instances,  subsystems  such  as  solar  arrays  and  antenna 
structures  were  stored  in  their  stowed  configuration  with  deployment  mechanisms  fully  stressed. 
Thus,  it  was  critical  to  develop  a  data  base  on  the  stress  relaxation  behavior  of  spring  materials  in 
order  to  ensure  that  adequate  spring  force  margins  would  be  maintained  for  successful  subsystem 
deployment  following  long-term  storage. 

The  previous  investigation  did  not  address  disc  springs  and  was  generally  limited  to  initial  stresses 
less  than  75%  of  the  yield  stress.  Disc  springs  have  a  more  complex  stress  field  than  coil  springs, 
making  it  difficult  to  predict  stress  relaxation  within  a  disc  spring  from  the  simple  uniaxial  relaxation 
data  obtained  in  the  previous  study.1,2  In  addition,  local  stresses  within  a  fully  compressed  disc 
spring  can  exceed  the  yield  stress  of  the  disc  material.3  It  is  well  known  that  stress  relaxation 
increases  as  the  stress  level  increases,  particularly  near  or  above  the  yield  stress.  Finally,  two  or  more 
disc  springs  are  frequently  stacked  together  to  achieve  the  desired  spring  force  or  travel  distance.  The 
effects  of  frictional  forces  and  degree  of  misalignment  within  the  stack  on  the  spring  constant  and 
stress  relaxation  of  the  assembly  are  not  available  in  the  literature.  The  current  study  was  conducted 
to  address  these  issues.  The  specific  disc  material,  disc  design,  degree  of  deflection,  and  stack  con¬ 
figuration  studied  in  this  investigation  were  dictated  by  a  specific  spacecraft  application.  Neverthe¬ 
less,  the  relaxation  data  and  lessons  learned  regarding  the  effects  of  disc  stacking  on  the  effective 
spring  constant  are  of  general  interest. 

The  objectives  of  this  investigation  were  as  follows. 

•  Determine  the  stress  relaxation  as  a  function  of  time  for  a  single  17-7PH  disc  spring  and 
stacked  pair  of  17-7PH  disc  springs  compressed  to  specific  initial  loads. 

•  Determine  the  load-deflection  curves  for  the  single-disc  and  two-disc  stacked  configura¬ 
tion  and  the  effects  of  stress  relaxation  on  the  load-deflection  curves. 

•  Determine  the  effects  of  relative  alignment  between  two  stacked  discs  and  disc  lubrica¬ 
tion  on  the  load-deflection  curve. 
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2.  Experimental  Procedures 


2.1  Specimen  Geometry 

The  discs  used  in  the  test  series  were  made  by  National  Disc  Spring  Division  of  the  Rolex  Company. 
They  were  fabricated  from  17-7PH  steel  and  heat  treated  by  the  supplier  to  the  TH1050  condition. 
Typical  room-temperature  tensile  strength  and  Young’s  modulus  for  this  condition  are  170  to  200  ksi 
and  29  Msi,  respectively.4 

The  part  number  for  the  disc  is  AM603 135.  It  has  a  nominal  outside  diameter  (OD)  of  2.360  in.,  an 
inside  diameter  (ID)  of  1.201  in.,  a  thickness  of  0.1378  in.,  and  a  free-standing  height  of  0.1969  in. 
Figure  1  shows  a  sketch  of  the  disc  spring. 


Side  view 


Plane  View 


Figure  1 .  Sketch  of  Belleville  springs. 


3 


2.2  Loading  Conditions 

Eight  AM603135  Belleville  disc  springs  were  available  for  stress  relaxation  testing.  Six  discs  were 
used  for  load  deflection  and  stress  relaxation  tests.  Four  stress  relaxation  tests  were  conducted.  Two 
tests  were  conducted  on  a  single  disc,  and  the  other  two  tests  were  conducted  on  a  stack  of  two  discs. 
The  discs  were  designated  as  1st  Single-Disc,  2nd  Single-Disc,  Top  of  1st  Double-Disc  Set,  Bottom  of 
1st  Double-Disc  Set,  Top  of  2nd  Double-Disc  Set,  and  Bottom  of  2nd  Double-Disc  Set. 


For  a  stack  of  two  discs,  the  stiffness  of  the  stack  will  depend  upon  the  orientation  of  the  two  discs.  If 
the  two  discs  are  mounted  with  the  convex  sides  facing  in  opposite  directions  as  shown  in  Figure  2, 
the  total  deflection  will  be  twice  the  single  disc  deflection  (A)  for  a  given  load  (P).  This  corresponds 
to  two  linear  springs  of  equal  length  loaded  in  a  series  configuration. 

In  this  investigation,  all  double  disc  tests  were  conducted  with  the  discs  mounted  with  the  convex 
sides  facing  in  the  same  direction  as  demonstrated  in  Figure  3.  In  this  configuration,  the  two  discs 
behave  like  two  linear  springs  of  equal  length  loaded  in  parallel.  When  two  linear  springs  are  loaded 
in  parallel,  both  springs  will  deform  the  same.  At  a  deflection  A,  the  total  applied  load,  2P,  is  equal  to 
2KA,  where  K  is  the  spring  constant  for  each  spring.  When  two  discs  are  stack  loaded  in  the  same 

P 


I 


K  K 


Figure  2.  Illustration  of  Belleville  discs  and  compression 
springs  loaded  in  series. 
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Figure  3.  Illustration  of  Belleville  discs  and  compression  springs  loaded  in 
parallel. 

convex  or  concave  configuration,  they  also  deflect  the  same.  The  applied  load  is  theoretically  twice 
the  load  (2P)  required  to  deflect  a  single  disc  to  the  same  deflection  (A).  If  the  two  discs  have  differ¬ 
ent  stiffness,  the  applied  load  is  theoretically  the  sum  of  the  loads  (Pj  and  P2)  required  to  deflect  the 
individual  discs  to  the  same  deflection  (A). 


2.3  Hardness  Measurements 

Hardness  measurements  were  made  on  5  discs  for  comparison  with  the  minimum  handbook  hardness 
of  38  HRC  (Rockwell  C-scale  Hardness) 4  The  measurements  were  made  using  a  Wilson  Rockwell 
hardness  tester  with  a  standard  150-kg  load.  The  measurements  were  made  on  the  two  discs  that  were 
used  for  the  single-disc  stress  relaxation  tests,  the  two  discs  used  for  the  second  double-disc  stress 
relaxation  test,  and  one  disc  that  was  not  used  for  load  deflection  or  stress  relaxation  testing. 


2.4  Stress  Relaxation  Test  Fixture  Design  and  Assembly 

A  sketch  of  the  test  fixture  assembly  for  performing  stress  relaxation  tests  is  depicted  in  Figure  4. 

Two  identical  fixtures  were  designed  and  fabricated  to  enable  two  stress  relaxation  tests  to  be  per¬ 
formed  concurrently.  Since  the  objective  of  the  test  series  was  to  obtain  load  relaxation  data  for  the 
Belleville  discs,  the  test  fixtures  were  required  to  have  high  stiffness  and  very  low  stress  when  the 
Belleville  discs  were  deformed  to  the  peak  loads.  The  low  stress  in  the  test  fixture  ensured  that  there 
was  very  low  or  un-measurable  relaxation  within  the  fixture  so  that  all  measured  load  relaxation  could 
be  attributed  to  the  disc  specimens. 

The  threaded  base  plate,  the  spring  washer  retainer  disc,  and  the  loading  disc  were  made  from  17-4PH 
steel.  The  loading  bolts  were  made  from  quenched  and  tempered  4340  steel.  In  addition  to  high  yield 
strengths,  these  materials  were  selected  because  they  have  similar  coefficients  of  thermal  expansion. 
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Figure  4.  Sketch  of  stress  relaxation  test  assembly. 


Although  the  stress  relaxation  tests  were  conducted  in  a  constant-temperature  environment  set  for 
23°C  (73.4 °F)  to  minimize  thermal  expansion  effects,  the  choice  of  materials  helped  to  ensure  con¬ 
stant  deflection  of  the  disc  specimens  throughout  the  duration  of  the  stress  relaxation  tests. 

The  threaded  based  plate  had  an  OD  of  9.5  in.,  an  ID  of  3.0  in.,  and  a  height  of  3.0  in.  The  base  plate 
was  flattened  to  a  width  of  8.50  in.  in  one  direction  so  it  could  be  fitted  between  two  parallel  alumi¬ 
num  rails  anchored  on  top  of  a  floating  table.  The  rails  prevented  the  base  plate  from  rotating  during 
torque  application  to  the  loading  bolt  when  spring  loading  the  disc  specimen. 

The  bolt  was  nominally  4.5-in.  long  by  1.15-in.  diameter.  The  bolt  can  take  a  minimum  load  of  300 
kips  without  yielding.  Since  this  load  is  more  than  35  times  of  the  maximum  applied  load  to  the 
Belleville  disc  specimen,  the  amount  of  the  relaxation  from  the  bolt  is  considered  to  be  negligible. 
Figure  5  depicts  the  assembly  with  a  disc  specimen  in  place. 


Figure  5.  Photograph  of  test  assembly  with  a  disc  specimen. 
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2.5  Instrumentation  and  Data  Acquisition 

Two  sets  of  10,000-lb  load  cells,  fabricated  by  Transducer  Techniques®,  were  purchased  for  the  test¬ 
ing.  The  load  cells  are  of  a  pan-cake  shape  and  have  a  center  recess  with  a  diameter  of  2.425  in.  for 
accepting  specimens.  This  configuration  fits  the  specimen  dimension  very  well.  During  operation, 
the  load  cells  are  excited  with  10  V  DC.  The  output  is  fed  into  the  data  acquisition  system  of  a  PC 
through  a  Wheatstone  bridge  such  as  a  strain  gage  conditioner. 

Linear- voltage-displacement-transformers  (LVDTs)  were  used  to  measure  the  displacement-time 
history  between  the  top  of  the  spring  washer  retainer  disc  and  the  loading  disc  (ref.  Fig.  5).  Two 
LVDTs  monitored  the  relative  displacement  as  a  function  of  time  between  these  two  points.  This  dis¬ 
placement  represents  the  amount  of  deformation  of  the  Belleville  disc  specimen  and  should  remain 
constant  throughout  the  stress  relaxation  test  after  the  initial  spring  loading  of  the  disc. 

Other  instrumentation  included  a  Sensotec  strip  chart  and  a  temperature/humidity  recorder.  The  for¬ 
mer  recorded  both  the  temperature  and  the  humidity  of  the  laboratory,  and  the  latter  recorded  only  the 
temperature  of  the  testing  laboratory  with  higher  accuracy. 

The  primary  data  acquired  for  the  stress  relaxation  tests  included  load  and  displacement  as  functions 
of  time.  The  load-time  histories  were  acquired  using  the  Transducer  Techniques®  load  cell  with  a 
load  range  of  0  to  10,000  lb.  The  data  were  recorded  using  a  12-bit  A-to-D  converter  card  and  Lab- 
View®  software.  Data  were  recorded  at  10  points  per  second  for  the  initial  30  min  of  testing.  After 
30  min,  the  rate  was  changed  to  1  point  per  minute.  Calibration  tests  were  conducted  to  verify  the 
load- voltage  conversion  factors  provided  by  the  load-cell  manufacturer.  The  displacement-time  and 
load-time  data  were  analyzed  by  the  use  of  either  the  EXCEL  or  the  IGOR  program. 


2.6  Test  Fixture  for  Load-Deflection  Measurements 

Each  Belleville  disc  specimen  for  the  stress  relaxation  tests  was  first  tested  to  characterize  its  load  vs. 
normal  displacement  relationship.  The  direction  of  the  applied  load  and  the  measured  displacement 
are  shown  in  Figure  6.  Figure  7  shows  the  overall  loading  system  along  with  the  instrumentation,  and 
Figure  8  shows  a  close-up  of  the  specimen  and  load  cell.  A  1.5-in.-dia  by  6.3-in.-long  rod  made  of 
stainless  steel  was  used  to  transmit  the  load  from  the  loading  frame  to  the  top  of  the  disc.  A  LVDT 
was  mounted  to  measure  the  vertical  movement  of  the  loading  frame.  The  recorded  displacement 
includes  the  deflection  sum  of  the  steel  rod,  and  the  disc  spring.  The  former  can  be  calculated  using 
the  applied  load,  diameter  and  length  of  the  rod,  and  the  Young's  modulus  of  steel.  The  measured  disc 
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Figure  6.  Sketch  of  load  vs.  normal  displacement  testing. 
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Figure  7.  Photograph  of  test  set-up  and  instrumentation  for  disc 
specimen  load-displacement  measurements. 


Figure  8. 


Photograph  showing  relative  positions  of  disc  specimen 
and  load  cell  for  load-displacement  measurements. 


spring  deflection  vs.  load  was  obtained  by  subtracting  the  calculated  rod  displacement  from  the  meas¬ 
ured  total  displacement.  Both  the  load  and  the  total  deflection  were  fed  electronically  to  a  data  acqui¬ 
sition  system. 


8 


2.7  Load  Cell  Calibration 

Both  Transducer  Techniques  load  cells  (S/N  152976  and  152977)  were  calibrated  using  an  in-house 
Instron  testing  machine.  Plots  of  transducer  output  voltage  vs.  load  are  shown  in  Figures  9  and  10. 
The  recorded  voltage-to-load  ratio  was  approximately  5%  higher  than  the  vendor-provided  calibration 
factor  for  S/N  152976  cell  and  7%  lower  than  the  vendor-provided  calibration  factor  for  S/N  152977. 


0  2000  4000  6000  8000  10000  12000 

Load,  lbs 

Figure  9.  Calibration  curve  for  load  cell  S/N  152976. 


0  2000  4000  6000  8000  10000  12000 

Load  (lbs) 


Figure  10.  Calibration  curve  for  load  cell  S/N  152977. 


9 


3.  Results  and  Discussion 


3.1  Hardness  Measurements 

The  results  of  hardness  measurements  on  five  discs  are  summarized  in  Table  1.  Four  of  the  discs,  1st 
Single,  2nd  Single,  Bottom  of  2nd  Double-Disc  Set,  and  Top  of  2nd  Double-Disc  Set,  were  used  in  the 
stress  relaxation  and  load  deflection  tests.  The  other  disc  for  hardness  measurements  was  not  used  for 
any  other  testing.  The  hardness  of  all  five  discs  exceeded  the  minimum  hardness  requirement,  38 
HRC,  for  the  TH1050  heat  treatment.  However,  it  is  apparent  that  the  1st  Single  and  2nd  Single  discs 
had  lower  hardness  values  than  the  other  three  discs.  Subsequent  to  these  measurements,  it  was 
learned  that  the  as-received  discs  were  from  two  separate  lots  that  were  purchased  at  different  times. 
Acceptance  testing  by  the  contractor  providing  the  discs  indicated  that  the  discs  from  one  of  the  lots 
had  lower  stiffness  values  than  discs  from  the  other  lot.  It  is  shown  in  Subsection  3.2.1  that  the  1st 
Single  and  2nd  Single  discs  had  lower  stiffness  values  than  discs  for  the  1st  and  2nd  Double-Disc  Sets. 

It  is  assumed  that  the  discs  used  in  the  single-disc  stress  relaxation  tests  were  from  one  lot  and  those 
used  in  the  double-disc  sets  were  from  the  other  lot. 


Table  1.  Rockwell  C  Hardness  of  17-7PH  Discs 


Disc 

Hardness 
Values,  HRC 

Average 
Hardness,  HRC 

1st  Single 

47.0,  46.1,46.5 

46.5 

2nd  Single 

47.2,  47.0 

47.1 

Top  2nd  Double-Disc  Set 

48.3,  48.7 

48.5 

Bottom  2nd  Double-Disc  Set 

49.1,49.8 

49.5 

Untested 

49.0,  48.7,  49.0 

48.9 

3.2  Load-Deflection  Measurements 

3.2.1  Pre-test  Load-Deflection  Curves  for  Stress  Relaxation  Discs 

Before  the  stress  relaxation  tests,  each  disc  was  first  loaded  in  a  single-disc  configuration  as  shown  in 
Figures  6-8  to  measure  the  load-deflection  relationship.  The  two  sets  of  double  discs  were  also 
loaded  in  the  stacked  configuration  after  the  individual  measurements.  There  was  no  lubricant  used 
between  the  top  and  bottom  discs,  and  the  alignment  between  the  two  discs  was  random  as  explained 
in  Section  3.2.2.  The  double-disc  sets  were  loaded  to  a  peak  load  of  6900  lb,  and  the  single  discs 
were  loaded  to  3450  lb.  These  loads  were  selected  based  on  the  requirements  of  a  specific  applica¬ 
tion.  Figures  1 1  and  12  depict  the  corresponding  load  vs.  displacement  curves  for  the  1st  and  2nd  sets 
of  double  discs.  The  curves  for  the  1st  Single  and  2nd  Single  discs  are  plotted  in  Figures  13  and  14, 
respectively. 

An  examination  of  all  the  load-displacement  curves  led  to  several  observations.  First,  the  six  single¬ 
disc  load-displacement  curves  suggest  that  non-linearity  may  exist.  Data  for  the  top  and  bottom  discs 
for  the  1st  Double-Disc  Set  and  for  the  1st  Single-Disc  and  2nd  Single-Disc  show  non-linear  load- 
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Figure  14.  Load  vs.  displacement  curve  for  2nd  Single  Disc. 


displacement  curves  at  loads  between  0  and  approximately  1000  lb.  Secondly,  large  variations  in  disc 
stiffness  exist  among  different  discs.  Table  2  shows  load  values  for  all  six  single-disc  load-deflection 
tests  for  displacements  of  30  and  35  mils.  For  the  two  singles,  the  measured  stiffness  was  low.  At  a 
displacement  of  30  mils,  the  measured  loads  were  2400  lb  for  the  1st  Single-Disc  and  2640  lb  for  2nd 
Single-Disc.  Meanwhile,  the  loads  for  the  top  and  bottom  disc  of  the  double-disc  sets  varied  from 
3020  to  3480  lb  at  a  displacement  of  30  mils.  Thus,  the  loads  for  the  1st  and  2nd  single  discs  were  up 
to  31%  lower  than  for  the  discs  used  in  the  double-disc  sets.  As  discussed  above,  the  single-disc 
specimens  were  probably  from  a  different  lot  than  the  double-disc  specimens.  If  we  concentrate  our 
attention  only  on  the  top  and  bottom  discs  for  the  double-disc  sets,  the  loads  were  more  consistent. 

For  these  four  discs,  the  maximum  load  variation  was  13%  at  displacements  of  30  and  35  mils. 

In  addition,  it  was  observed  that  the  slope  of  the  load-deflection  curve  for  a  stacked  condition  was  not 
twice  that  of  a  single-disc  specimen.  The  curves  were  nonlinear  with  shallow  slopes  for  displace¬ 
ments  up  to  approximately  10  mils  (=  1000  lb),  but  became  linear  with  significantly  higher  slopes  at 
higher  displacements.  The  stiffness  values  of  the  discs  (slope  of  the  curves  in  the  linear  region)  were 

Table  2.  Load  Values  at  Two  Displacement  Levels  for  Single  and  Stacked  Configurations 


Load  Condition 

Displacement 
value  (mil) 

Top 

Load  (lb) 

Bottom 
Load  (lb) 

Stacked 
Load  (lb) 

1st  Double-Disc  Set 

30 

3340 

3020 

5340 

35 

3860 

3540 

6360 

(est.) 

(est.) 

2nd  Double-Disc  Set 

30 

3480 

3400 

4980 

35 

4010 

3920 

5970 

(est.) 

(est.) 

1sl  Single 

30 

2400 

NA 

NA 

35 

2850 

NA 

NA 

2nd  Single 

30 

2640 

NA 

NA 

35 

3130 

NA 

NA 
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111,101,  and  206  kip/in  for  the  top  disc,  bottom  disc,  and  stack,  respectively,  for  the  lsl  Double-Disc 
Set.  Stiffness  values  for  the  2nd  Double  Disc  Set  were  1 16, 113,  and  188  kip/in  for  the  top  disc,  bot¬ 
tom  disc,  and  stack,  respectively.  The  stiffness  ratio  between  the  stacked  configuration  and  the  aver¬ 
age  stiffness  of  the  individual  discs  was  1.94  for  the  1st  Double-Disc  Set  and  1.64  for  the  2nd  Double- 
Disc  Set.  Examination  of  the  mating  surfaces  of  both  sets,  indicated  that  they  had  only  limited  con¬ 
tact.  We  can  postulate  that  only  one  of  the  two  discs  was  effectively  loaded  at  small  displacements. 
As  the  displacement  was  increased,  the  two  surfaces  had  more  contact,  and  both  discs  were  loaded, 
but  not  to  the  point  that  one  would  predict  from  the  individual  disc  tests.  This  explains  why  the  initial 
slope  of  the  load-deflection  curve  was  very  low.  Thus,  due  to  the  imperfect  surface  mating  between 
the  two  discs  in  a  parallel  stack,  the  stiffness  of  a  double-disc  stack  is  less  than  twice  the  stiffness  of  a 
single  disc.  Or,  if  the  two  single  discs  have  different  stiffness,  less  than  the  sum  of  the  stiffness 
values  for  the  two  single  discs. 


3.2.2  Effects  of  Lubricant  and  Alignment  on  Load-Deflection  Curves 
for  Stacked  Discs 

Tests  were  also  conducted  on  the  lsl  Double-Disc  Set  in  the  stacked  configuration  to  investigate  the 
effects  of  lubrication  and  alignment  between  the  top  and  bottom  discs  on  the  load-deflection  curves. 
MoS2  dry  lubricant  was  used.  The  test  conditions  were:  no  lubricant/random  alignment,  lubri¬ 
cant/random  alignment,  no  lubricant/careful  alignment,  and  lubricant/careful  alignment.  The  term 
“alignment”  refers  to  the  degree  of  alignment  between  the  outside  diameter  of  the  top  and  bottom 
discs.  Figures  15  through  18  depict  the  load-displacement  curves  for  these  four  conditions. 

Regardless  of  the  lubrication  and  alignment  conditions,  the  curves  were  always  nonlinear  for  dis¬ 
placements  up  to  approximately  10  mils  (=  1000  lb),  but  were  linear  for  higher  displacements.  In 
addition,  the  curves  always  exhibited  considerable  hysteresis  between  the  loading  and  unloading 
curves.  Thus,  the  effective  stiffness  of  the  stacked  configuration  was  always  higher  during  loading 
than  for  unloading.  The  measured  spring  forces  at  displacements  of  31  and  36  mils  are  tabulated  for 


Figure  15.  Load  vs.  displacement  curve  for  “no  lubricant/random  alignment” 
condition  for  stacked  configuration. 
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Figure  16.  Load  vs.  displacement  curve  for  “MoS2  lubricant/random  align¬ 
ment”  condition  for  stacked  configuration. 
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Figure  17.  Load  vs.  displacement  curve  for  "no  lubricant/careful  alignment" 
condition  for  stacked  configuration. 
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Figure  18.  Load  vs.  displacement  curve  for  “MoS2  lubricant/careful  align¬ 
ment”  condition  for  stacked  configuration. 
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the  four  test  cases  in  Table  3.  Although  the  measured  loads  varied  by  around  10%  at  both  displace¬ 
ment  values,  there  were  no  systematic  trends  in  the  data.  The  loads  for  the  extreme  cases,  no  lubri¬ 
cant/random  alignment  and  MoS2/careful  alignment,  were  within  2%  of  one  another  at  both  dis¬ 
placements  in  the  table. 


Table  3.  Load  Values  at  Two  Displacement  Levels  for  Stacked  Configura¬ 
tion  with  Various  Lubrication  and  Alignment  Conditions. 


Test 

Case 

Lubricant 

Used 

Alignment 

Condition 

Load  at  31-  mil 
Displacement  (lb) 

Load  at  36-mil 
Displacement  (lb) 

1 

No 

Random 

5000 

6000 

2 

MoS2 

Random 

5558 

6216 

3 

No 

Careful 

5517 

6584 

4 

MoS2 

Careful 

5095 

6083 

3.3  Stress  Relaxation  Tests 

The  stress  relaxation  tests  were  conducted  by  torquing  the  nut  of  the  hardened  loading  bolt  while 
monitoring  the  voltage  output  from  the  load  cell  transducer.  The  bolt  was  torqued  until  an  initial  load 
equal  to  the  maximum  anticipated  service  load,  6900  for  the  double-disc  sets  and  3450  lb  for  the  sin¬ 
gle  discs  was  achieved.  The  double-disc  stress  relaxation  tests  were  conducted  with  no  lubricant  and 
random  alignment  between  discs.  The  temperature  of  the  laboratory  was  set  at  23°C  (73.4°F),  and  the 
humidity  was  set  at  50%.  This  environmental  condition  was  maintained  by  a  Liebert  air-conditioning 
control  unit. 

Prior  to  the  Belleville  disc  stress  relaxation  tests,  a  relaxation  test  was  conducted  on  the  fixture  without 
installing  a  specimen.  The  loading  bolt  was  torqued  to  an  initial  load  of  6874  lb,  and  the  load  was 
monitored  as  a  function  of  time  as  it  would  be  in  a  disc  stress  relaxation  test.  After  215  h,  there  was  no 
measured  load  drop.  Therefore,  it  was  concluded  that  there  was  no  stress  relaxation  of  the  test  fixture, 
and  any  measured  relaxation  in  the  disc  tests  could  be  attributed  entirely  to  the  Belleville  discs. 

The  first  1st  Double-Disc  Set  was  loaded  to  an  initial  load  of  6948  lb.  The  test  was  conducted  for  a 
total  of  1318  h.  The  load  vs.  time  history  in  a  semi-log  format  is  plotted  in  Figure  19.  The  linear-scale 
plot  for  the  same  data  is  shown  in  Figure  20.  The  load  decreased  by  1 .67%  over  the  course  of  the 
1 31 8-h  test.  It  is  apparent  from  the  linear  curve  that  a  significant  fraction  of  the  relaxation  occurred 
within  the  first  200  h.  The  output  of  the  LVDTs  verified  that  the  deflection  of  the  disc  specimens  was 
maintained  at  a  constant  value  throughout  this  test  and  all  subsequent  stress  relaxation  tests. 

The  2nd  Double-Disc  Set  was  loaded  to  6938  lb,  as  indicated  in  Figure  21.  The  load  was  applied  fol¬ 
lowing  the  same  procedure  used  for  the  first  set.  Based  upon  the  results  of  the  first  test  and  previous 
experience  with  17-7PH  compression  springs,  the  test  duration  was  reduced  to  187  h  for  the  second 
set.  The  load  reduction  for  the  1st  Double-Disc  Set  at  187  h  was  0.72%  compared  with  0.59%  for  the 
2nd  Double-Disc  Set.  Thus,  excellent  correlation  was  achieved  in  the  results  for  the  two  double-disc 
tests.  Very  low  stress  relaxation  rates  were  measured  for  the  17-7PH  Belleville  discs. 
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The  Stress  relaxation  data  for  the  1st  Single-Disc  and  2nd  Single-Disc  tests  are  presented  in  Figures  22 
and  23,  respectively.  The  1st  Single-Disc  was  loaded  to  an  initial  load  of  3824  lb  and  was  tested  for  286 
h.  The  relaxation  was  2%  at  the  end  of  the  test.  The  2nd  Single-Disc  was  loaded  to  3545  lb.  The  test 
was  conducted  for  258  h  with  a  load  reduction  of  approximately  0.4%.  The  1st  Single-Disc  had  the 
highest  stress  relaxation  of  the  four  tests.  However,  the  initial  load  for  this  test  exceeded  the  target  load 
of  3450  lb  by  1 1%.  Thus,  the  stress  level  was  significantly  higher  for  this  disc  than  for  the  discs  in  the 
other  single-disc  and  double-disc  tests. 

Unidirectional  stress  relaxation  data  on  17-7PH  wires  loaded  to  approximately  75%  of  the  yield  stress 
in  the  previous  study  had  load  reductions  of  approximately  0.8%  after  200  h  and  1%  after  1,000  h.  It 
is  difficult  to  make  direct  comparisons  between  the  wire  data  and  disc  data  due  to  the  complicated 
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Figure  22.  Semi-log  plot  of  load  relaxation  data  for  1st  Single. 
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2nd  Single  Disc  Stress  Relaxation  Test 

Test  started  on  11/27/2002  (Initial  load  =  3545  lbs) 

Total  test  duration  258  hrs. 

Load  reduction  was  about  0.4%. 
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Figure  23.  Semi-log  plot  of  load  relaxation  data  for  2nd  Single. 


18 


stress  state  in  a  compressed  disc.  However,  it  can  be  shown  from  the  equations  in  Ref.  3  that  the  peak 
stresses  in  the  discs  were  on  the  order  of  160  ksi  for  the  double-disc  tests  and  the  2nd  Single-Disc  and 
190  ksi  for  the  1st  Single-Disc.  17-7PH  TH1050  has  a  typical  yield  strength  of  180  ksi.  Therefore, 
with  the  peak  stresses  in  the  discs  at  or  above  the  yield  stress,  it  is  not  surprising  that  the  stress 
relaxation  rates  were  higher  than  the  earlier  measurements.  Considering  the  high  stress  levels,  the 
measured  stress  relaxation  was  very  low  for  all  four  tests. 


3.4  Post-test  Load-Deflection  Curves  for  Stress  Relaxation  Discs 

All  six  discs,  i.e.,  two  sets  of  double-discs  and  two  single  discs,  were  retested  to  characterize  their 
load  vs.  displacement  relationship  after  the  stress  relaxation  tests  were  completed.  The  purpose  of 
these  tests  was  to  determine  any  effects  of  the  stress  relaxation  tests  on  the  stiffness  of  the  discs.  The 
tests  were  conducted  identically  to  the  pre-test  load-displacement  tests. 

The  load  vs.  displacement  curves  for  the  1st  and  2nd  Double-Disc  Sets  following  the  stress  relaxation 
tests  are  shown  in  Figures  24  and  25.  The  loads  at  30  and  35  mils  displacement  for  the  individual 
discs  were  comparable  to  the  pre-relaxation  data  for  the  two  top  discs.  However,  much  to  our  sur¬ 
prise,  the  loads  at  30  and  35  mils  displacement  for  the  bottom  discs  were  reduced  by  20%  for  first  set 
and  25%  for  the  second  set  relative  to  the  pre-relaxation  values.  The  post- relaxation  load-deflection 
curves  in  the  stacked  configuration  showed  an  18%  load  reduction  at  30  mils  displacement  for  the  1st 
Double-Disc  Set,  but  no  significant  change  for  the  2nd  Double-Disc  Set. 

Close  comparison  of  the  pre-relaxation  curves  (Figures  1 1  and  12)  with  the  post-relaxation  curves 
(Figures  24  and  25)  indicates  that  a  significant  portion  of  the  apparent  stiffness  changes  for  the  bot¬ 
tom  discs  was  associated  with  the  nonlinear  deformation  at  low  displacements.  The  post-relaxation 
curves  had  lower  initial  slopes.  The  displacement  required  to  achieve  a  load  of  1000  lb  increased 
from  10.6  mils  pre-relaxation  to  15  mils  post-relaxation  for  the  bottom  disc  of  the  1st  Double-Disc  Set 
and  from  8.4  mils  pre-relaxation  to  14.5  mils  post-relaxation  for  the  bottom  disc  of  the  2nd  Double- 
Disc  Set.  A  calculation  of  the  slope  of  the  load-displacement  curves  between  1000  and  3450  lb, 
reveals  that  the  disc  stiffness  over  this  load  range  decreased  from  104  kip/in.  pre-relaxation  to  98 
kip/in.  post-relaxation  for  the  bottom  disc  of  the  1st  Double-Disc  Set  and  from  1 1 1  kip/in.  pre- 
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Figure  24.  Post-relaxation  load  vs.  displacement  for  1st  Double-Disc  Set. 
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Figure  25.  Post-relaxation  load  vs.  displacement  for  2nd  Double-Disc  Set. 

relaxation  to  103  kip/in.  post-relaxation  for  the  bottom  disc  of  the  2nd  Double-Disc  Set.  Thus,  whereas 
the  load  reduction  at  30  and  35  mils  displacement  was  20-25%  lower  after  the  stress  relaxation  tests, 
the  slope  of  the  load-displacements  curves  was  only  5-10%  lower  over  the  linear  portion  of  the  curves. 

Since  it  was  observed  that  the  two  bottom  discs  had  the  lowest  stiffness  values  after  the  stress  relaxa¬ 
tion  tests,  a  test  with  these  two  discs  in  a  parallel  stack  was  conducted  so  that  their  load  displacement 
curve  could  be  compared  with  those  for  the  1st  and  2nd  Double-Disc  Sets.  The  curve  is  shown  in  Fig¬ 
ure  26.  In  this  test,  the  bottom  disc  from  the  1st  Double-Disc  Set  was  put  on  top  and  the  bottom  disc 
from  the  2nd  Double-Disc  Set  was  put  on  bottom.  This  set  of  discs  clearly  had  a  lower  stiffness  than 
1st  Double-Disc  and  2nd  Double-Disc  Sets.  A  displacement  of  45  mil  was  required  to  reach  a  load  of 
6900  lb  versus  around  42  mil  for  the  1st  Double-Disc  Set  and  39  mils  for  the  2nd  Double-Disc  Set. 

The  post-relaxation  load  vs.  displacement  curves  for  the  1st  Single-Disc  and  2nd  Single-Disc  are  plot¬ 
ted  in  Figures  27  and  28,  respectively.  Comparing  the  data  in  these  figures  with  the  pre-test  curves 
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Figure  26.  Post-relaxation  load  vs.  displacement  for  bottom  discs  from  lsl  and  2nd  Double-Disc  Sets. 
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(Figures  13  and  14),  indicates  that  the  displacement  required  to  reach  a  load  of  3450  lb  was  approxi¬ 
mately  41  mils  for  the  Is'  Single-Disc  for  both  the  pre-relaxation  and  post-relaxation  tests.  For  the  2nd 
Single-Disc,  the  displacement  to  reach  3450  lb  increased  from  39  mils  in  the  pre-relaxation  test  to  42 
mils  in  the  post-relaxation  tests.  Thus,  the  1st  Single-Disc,  which  had  the  largest  stress  relaxation, 
showed  no  change  in  stiffness,  while  the  2nd  Single-Disc,  which  had  the  lowest  stress  relaxation, 
apparently  had  a  significant  reduction  in  stiffness  following  the  relaxation  test.  These  differences  can 
be  partially  attributed  to  the  initial  nonlinear  portion  of  the  curve,  which  may  be  indicative  of  align¬ 
ment  issues.  However,  the  slope  of  the  curve  between  1000  and  3450  lb  for  the  2nd  Single-Disc 
decreased  from  approximately  94.6  kip/in.  for  the  pre-relaxation  test  to  89.7  kip/in.  for  the  post¬ 
relaxation  test,  indicating  a  5%  reduction  in  stiffness.  Thus,  the  post-relaxation  stiffness  change  for 
the  2nd  Single-Disc  was  similar  to  that  measured  for  the  bottom  discs  of  the  1st  and  2nd  Double-Discs 
Sets. 


Displacement,  mil 

Figure  27.  Post-relaxation  load  vs.  displacement  curve  for  1st  Single-Disc. 
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Figure  28.  Post-relaxation  load  vs.  displacement  curve  for  2nd  Single-Disc. 
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3.5  Effective  Spring  Constants  for  Double-Disc  Sets 

The  spring  forces  at  30-  and  35-mil  displacements  for  the  individual  discs  and  the  stacked  discs  from 
the  pre-relaxation  and  post-relaxation  load  deflection  tests  on  the  double-disc  sets  are  summarized  in 
Table  4.  The  table  also  includes  the  sum  of  the  forces  from  the  individual  tests  on  the  top  and  bottom 
discs  and  the  ratio  of  the  stacked  to  summed  forces.  For  perfect  contact  and  alignment  between  the 
two  discs  in  a  parallel  stack,  the  stacked/sum  ratio  should  be  1 .  Therefore,  the  stacked/sum  ratio 
readily  shows  the  efficiency  of  the  double-disc  stack  in  delivering  the  spring  forces  of  the  individual 
discs.  For  four  of  the  five  double-disc  sets,  the  stacked  discs  delivered  82-88%  of  the  force  predicted 
by  summing  the  loads  from  the  individual  disc  tests.  The  exception  was  the  pre-relaxation  test  for  the 
2nd  Double-Disc  Set,  which  had  only  72  and  75%  of  the  predicted  loads  at  30-  and  35-mil  displace¬ 
ments,  respectively. 

Effective  spring  constants  can  be  calculated  from  the  data  in  Table  4  by  dividing  the  measured  loads 
by  the  displacements.  The  effective  spring  constants  are  given  in  Table  5.  These  are  referred  to  as 


Table  4.  Spring  Forces  from  Double-Disc  Load-Displacement  Tests 


Belleville  Washer  Identification 

Top 

Bottom 

Sum 

Stacked 

Stacked/Sum 

Load  at  0.030  in.  Displacement,  lb 

First  Double  Disc  Set,  Pre-Relaxation 

3340 

3020 

6360 

5340 

0.84 

First  Double  Disc  Set,  Post-Relaxation 

3400 

2400 

5800 

4800 

0.83 

Second  Double  Disc  Set,  Pre-Relaxation 

3480 

3400 

6880 

4980 

0.72 

Second  Double  Disc  Set,  Post-Relaxation 

3300 

2600 

5900 

5200 

0.88 

Bottom  Discs,  Post-Relaxation 

2400 

2600 

5000 

4200 

0.84 

Load  at  0.035  in.  Displacement,  lb 

First  Double  Disc  Set,  Pre-Relaxation 

3860 

3540 

7400 

6360 

0.86 

First  Double  Disc  Set,  Post-Relaxation 

3950 

2900 

6850 

5650 

0.82 

Second  Double  Disc  Set,  Pre-Relaxation 

4010 

3920 

7930 

5970 

0.75 

Second  Double  Disc  Set,  Post-Relaxation 

3800 

3100 

6900 

6100 

0.88 

Bottom  Discs,  Post-Relaxation 

2900 

3100 

6000 

5100 

0.85 

Table  5.  Effective  Spring  Constants  from  Double-Disc  Load-Displacement  T 

ests 

Belleville  Washer  Identification 

Top 

Bottom 

Sum 

Stacked 

Stacked/Sum 

Spring  Constant  at  0.030  in. 

Displacemeni 

t,  kip/in 

First  Double  Disc  Set,  Pre-Relaxation 

Ill 

101 

212 

-mm 

0.84 

First  Double  Disc  Set,  Post-Relaxation 

113 

80 

193 

0.83 

Second  Double  Disc  Set,  Pre-Relaxation 

116 

113 

229 

mM 

0.72 

Second  Double  Disc  Set,  Post-Relaxation 

110 

87 

197 

173 

0.88 

Bottom  Discs,  Post-Relaxation 

80 

87 

167 

140 

0.84 

Spring  Constant  at  0.035  in.  Displacement,  kip/in 

First  Double  Disc  Set,  Pre-Relaxation 

110 

101 

211 

182 

0.86 

First  Double  Disc  Set,  Post-Relaxation 

113 

83 

161 

0.82 

Second  Double  Disc  Set,  Pre-Relaxation 

115 

112 

171 

0.75 

Second  Double  Disc  Set,  Post-Relaxation 

109 

89 

174 

0.88 

Bottom  Discs,  Post-Relaxation 

83 

89 

172 

146 

0.85 
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“effective”  spring  constants  because  they  are  only  valid  at  displacements  of  30  and  35  mil  due  to  the 
initial  nonlinearity  in  the  load-displacement  curves. 


3.6  Free-Height  Measurements 

Free-height  measurements  were  made  on  the  discs  used  in  the  stress  relaxation  tests  and  are  presented 
in  Table  6.  Compared  with  the  specified  free  height  of  0. 1969  in.,  the  deviations  were  from  -0.0030 
to  +0.0041  in.  These  deviations  correspond  to  a  range  from  -1.5  to  +2.1%  with  a  maximum  variation 
of  3.6%.  Assuming  the  discs  for  the  1st  Single  and  2nd  Single  were  from  a  different  lot  than  the  disc 
used  in  the  double-disc  sets,  the  variation  was  2.9%  for  the  double-disc  lot  and  0.5%  for  the  single¬ 
disc  lot.  We  believe  that  the  lower  stiffness  of  the  single-disc  lot  can  probably  be  attributed  to  the 
greater  free  height.  Although  this  lot  also  had  a  slightly  lower  hardness  than  the  double-disc  lot 
(Table  1),  the  hardness  variation  is  indicative  of  a  lower  yield  strength,  but  not  a  lower  elastic 
modulus.  Thus,  within  the  elastic  range  of  the  disc  spring,  hardness  variations  should  not  affect 
stiffness. 

For  most  of  the  discs,  the  free-height  measurements  were  made  before  and  after  the  stress  relaxation 
tests.  Two  of  the  disc  showed  a  slight  increase  in  free  height  after  the  relaxation  test,  and  the  other 
two  showed  a  slight  decrease.  The  changes  were  less  than  1%  for  three  of  the  four  discs  and  only 
2.6%  for  the  other  disc  (top  of  2nd  double-disc  set).  These  variations  are  probably  within  the  scatter 
band  of  the  measurement  technique. 


Table  6.  Free  Height  Measurements  for  Stress  Relaxation  Specimens 


Disc  ID 

Pre-relaxation 
Free  Height  (in.) 

Post-relaxation 
Free  Height  (in.) 

Top  1st  Double  Disc  Set 

0.19695 

Bottom  1st  Double  Disc  Set 

0.19680 

Top  2nd  Double  Disc  Set 

0.19960 

0.19435 

Bottom  2nd  Double  Disc  Set 

0.19390 

0.19395 

1st  Single 

0.20095 

0.20003 

2nd  Single 

0.20035 

0.20048 
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4.  Summary  and  Conclusions 


Several  observations  were  made  from  an  evaluation  of  all  of  the  test  data. 

•  All  of  the  load  vs.  displacement  curves  for  the  Belleville  springs  were  non-linear  at  dis¬ 
placements  less  than  approximately  10  mil.  The  degree  of  non-linearity  was  more  pro¬ 
nounced  for  the  double-disc  stacks  than  for  the  single-disc  tests.  All  of  the  load- 
displacement  curves  were  linear  for  displacements  greater  than  approximately  10  mil. 

•  The  1st  Single-Disc  and  2nd  Single-Disc  had  free  heights  that  were  typically  2.5%  greater 
than  those  for  discs  tested  in  the  double-disc  sets.  Furthermore,  the  spring  force  at  30  or 
35  mil  displacement  was  up  to  31%  lower  for  the  single-disc  specimens.  This  may  be 
compared  to  variations  in  spring  force  of  15%  among  the  double-disc  specimens  and  10% 
among  the  single-disc  specimens.  It  was  concluded  that  the  single-disc  specimens  were 
from  a  different  lot  than  the  double-disc  specimens.  It  follows  that  significant  variations 
in  spring  stiffness  were  measured  within  each  lot,  and  lot-to-lot  variations  were  even 
higher.  Therefore,  for  displacement-controlled  applications  having  stringent  force 
requirements,  spring  stiffness  must  be  measured  for  each  disc  to  ensure  that  the  required 
force  is  achieved. 

•  The  load-displacement  data  demonstrate  that  the  attainable  spring  force  at  a  given  dis¬ 
placement  for  a  double-disc,  parallel  stack  is  not  equal  to  the  sum  of  the  spring  forces 
measured  for  the  individual  discs.  The  ratio  of  the  stacked  force  to  the  sum  of  the  single¬ 
disc  forces  was  about  85%  for  the  1st  Double-Disc  Set  and  73%  for  the  2nd  Double-Disc 
Set.  The  load  reduction  illustrates  that  stacked  Belleville  disc  springs  do  not  behave 
exactly  like  compression  springs  in  a  parallel  configuration.  The  load  path  of  the  stacked 
discs  is  complicated.  It  is  believed  that  the  matching  of  the  contour  of  the  contact  sur¬ 
faces  is  very  important.  Therefore,  for  displacement-controlled  applications  having  strin¬ 
gent  force  requirements,  the  load  losses  associated  with  a  parallel,  stacked  configuration 
must  be  accounted  for  in  the  system  design. 

•  All  double-disc  tests  performed  in  this  investigation  used  discs  from  the  same  lot  with 
similar  free  heights.  It  is  anticipated  that  the  ratio  of  the  stacked  force  to  the  sum  of  the 
single-disc  forces  may  be  significantly  lower  than  the  values  reported  if  the  two  discs 
have  different  free-heights. 

•  Stress  relaxation  is  a  less  significant  issue  than  factors  affecting  disc  stiffness.  For  the 
double-disc  stress  relaxation  tests,  the  load  reduction  was  less  than  2%  after  1318  h.  This 
load  loss  is  small  relative  to  the  15%  variations  in  spring  stiffness  measured  for  individ¬ 
ual  discs  from  a  single  lot  and  the  load  losses  of  12-28%  associated  with  parallel  disc 
stacks. 
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•  This  testing  program  provided  significant  data  on  the  stiffness  and  stress  relaxation  of 
stacked  Belleville  springs  that  are  currently  unavailable  in  the  technical  literature. 
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LABORATORY  OPERATIONS 


The  Aerospace  Corporation  functions  as  an  “architect-engineer”  for  national  security  programs,  specializing  in 
advanced  military  space  systems.  The  Corporation’s  Laboratory  Operations  supports  the  effective  and  timely 
development  and  operation  of  national  security  systems  through  scientific  research  and  the  application  of 
advanced  technology.  Vital  to  the  success  of  the  Corporation  is  the  technical  staffs  wide-ranging  expertise  and 
its  ability  to  stay  abreast  of  new  technological  developments  and  program  support  issues  associated  with  rapidly 
evolving  space  systems.  Contributing  capabilities  are  provided  by  these  individual  organizations: 

Electronics  and  Photonics  Laboratory:  Microelectronics,  VLSI  reliability,  failure  analysis, 
solid-state  device  physics,  compound  semiconductors,  radiation  effects,  infrared  and  CCD 
detector  devices,  data  storage  and  display  technologies;  lasers  and  electro-optics,  solid-state 
laser  design,  micro-optics,  optical  communications,  and  fiber-optic  sensors;  atomic  frequency 
standards,  applied  laser  spectroscopy,  laser  chemistry,  atmospheric  propagation  and  beam 
control,  LIDAR/LADAR  remote  sensing;  solar  cell  and  array  testing  and  evaluation,  battery 
electrochemistry,  battery  testing  and  evaluation. 

Space  Materials  Laboratory:  Evaluation  and  characterizations  of  new  materials  and 
processing  techniques:  metals,  alloys,  ceramics,  polymers,  thin  films,  and  composites; 
development  of  advanced  deposition  processes;  nondestructive  evaluation,  component  failure 
analysis  and  reliability;  structural  mechanics,  fracture  mechanics,  and  stress  corrosion;  analysis 
and  evaluation  of  materials  at  cryogenic  and  elevated  temperatures;  launch  vehicle  fluid 
mechanics,  heat  transfer  and  flight  dynamics;  aerothermodynamics;  chemical  and  electric 
propulsion;  environmental  chemistry;  combustion  processes;  space  environment  effects  on 
materials,  hardening  and  vulnerability  assessment;  contamination,  thermal  and  structural 
control;  lubrication  and  surface  phenomena.  Microelectromechanical  systems  (MEMS)  for 
space  applications;  laser  micromachining;  laser-surface  physical  and  chemical  interactions; 
micropropulsion;  micro-  and  nanosatellite  mission  analysis;  intelligent  microinstruments  for 
monitoring  space  and  launch  system  environments. 

Space  Science  Applications  Laboratory:  Magnetospheric,  auroral  and  cosmic-ray  physics, 
wave-particle  interactions,  magnetospheric  plasma  waves;  atmospheric  and  ionospheric  physics, 
density  and  composition  of  the  upper  atmosphere,  remote  sensing  using  atmospheric  radiation; 
solar  physics,  infrared  astronomy,  infrared  signature  analysis;  infrared  surveillance,  imaging  and 
remote  sensing;  multispectral  and  hyperspectral  sensor  development;  data  analysis  and 
algorithm  development;  applications  of  multispectral  and  hyperspectral  imagery  to  defense,  civil 
space,  commercial,  and  environmental  missions;  effects  of  solar  activity,  magnetic  storms  and 
nuclear  explosions  on  the  Earth’s  atmosphere,  ionosphere  and  magnetosphere;  effects  of 
electromagnetic  and  particulate  radiations  on  space  systems;  space  instrumentation,  design, 
fabrication  and  test;  environmental  chemistry,  trace  detection;  atmospheric  chemical  reactions, 
atmospheric  optics,  light  scattering,  state-specific  chemical  reactions,  and  radiative  signatures  of 
missile  plumes. 


